A 14 month pilot-scale coagulation optimization study was conducted at the Peterborough Water Treatment Plant (Ontario, Canada) to compare treatment performance resulting from the application of aluminum sulfate vs. polyaluminum chloride (PACl). This paper describes results obtained from applying a statistical analysis approach to evaluate impacts on pH, turbidity, total organic carbon (TOC), ultraviolet absorbance (UVA), particle counts, chlorine residuals, filter head loss, flow rate, trihalomethanes (THMs), and nine haloacetic acids (HAA 9 ). To allow a direct comparison, parallel pilot trains were operated such that they achieved equal settled water TOC by adjusting PACl dose, (52-74% of the alum dose by weight). Settled water turbidity was significantly higher (on average 0.23 NTU) in the alum treated water when compared to PACl. For equivalent filter run-times, head loss was greater by 0.002-0.011 m h À1 when applying alum. An increase in pH by approximately 0.7 units when using PACl was observed to cause a significant increase in THM formation (10-30%).
INTRODUCTION
Implementing changes to water treatment processes has an inherent high degree of uncertainty. It is often not straight- To take full advantage of pilot-scale studies, an appropriate experimental design must be established to confirm apparent process improvements and facilitate scale-up. At the core of robust pilot-based studies is the need to run two identical parallel trains where one serves as a control and is constantly compared to fullscale performance, while a second allows the impact of process changes to be observed. Fundamental to parallel pilot studies is the validation of similarity between both pilot trains and the full-scale facility. Validation involves establishing, with statistical significance, that with equal treatment applied, both pilot trains and the full-scale train produce identical water quality at any given point in the process. This allows for the conclusion that observed water quality differences are attributable only to the controlled process changes (Anderson et al.
).
Pilot-scale studies were conducted with the objective to identify impacts on water quality from the use of alum versus polyaluminum chloride (PACl) as coagulants. The specific PACl selected for comparison to alum was chosen based on results of initial bench-scale jar tests of several coagulants. Since the primary objective of coagulation is to reduce natural organic matter (NOM), pilot trains were operated such that the filtered water total organic carbon (TOC) was equal and any observed water quality differences could be readily elucidated. While alum and PACl coagulation chemistry has been well studied, limited data exist regarding long term parallel comparisons at pilot or full scale. This paper first sets out to describe the analysis process applied in order to draw supportable conclusions from the extended pilot-scale study. The process includes setting up reasonable statistical tests and establishing water quality equivalence between pilot-scale plants as well as to the full-scale plant. Significant water quality differences between alum and PACl coagulation are then identified.
MATERIALS AND METHODS
The source water for both full-and pilot-scale trains was the Otonabee River, Ontario, Canada. A summary of typical water quality is shown in Table 1 .
Pilot plant
Two identical pilot plant trains were designed to replicate the full-scale Peterborough water treatment plant. Figure 1 shows a simplified process flow diagram, which identifies major unit processes common to both full-and pilot-scale facilities.
The study consisted of two phases: baseline and experimental. During an initial baseline comparison phase, alum (General Chemical, Parsipanny, NJ) was applied to both pilot trains at a dose equal to the full-scale plant. This allowed for statistically establishing that treated water quality was equal between the two pilot trains as well as the full- Three sampling points in each treatment train were used including raw, settled (after coagulation), and filtered water.
Online measurements included pH, temperature, and turbidity using a Hach 1720E (Mississauga, Ontario) low range turbidimeter and pH sensors; TOC using a General Electric Sievers 5310C on-line analyzer (Mississauga, Ontario); ultraviolet absorbance (UVA) at 254 nm with a RealTech UVT on-line analyzer (Whitby, Ontario); and particle counts using Hach 2200 PCX units (Mississauga, Ontario) .
Disinfection by-product formation and analysis
Grab samples of filtered water collected from the full-scale and pilot treatment plants were chlorinated with sodium hypochlorite. The applied chlorine dose (2.3-3.6 mg/L total chlorine) was chosen to replicate the dose used at the full-scale plant. Chlorinated samples were sealed without Injections were run in splitless mode, with helium as carrier gas and an argon/methane (95%/5%) mix as makeup gas.
Statistical assessment
The majority of online parameters were recorded at 2 min intervals, resulting in 720 data points per day. The exception to this was the online TOC measurements which cycled through monitoring each stream for two hours at a time (total of 150-180 data points per day). For the purposes of statistical assessments, daily averages were used to facilitate data analysis and to reduce the impact of outliers.
Statistical assessments of both baseline and experimental data were first conducted using paired t-tests, to account for background effects, such as changing raw water quality and temperature, by considering differences between data pairs rather than absolute values. Formalized statistical tests are useful tools, however establishing informed limits to absolute differences accounts for scaling issues, overall significance of impacts on water quality, and instrument accuracy. Furthermore, t-tests are carried out under a set of assumptions including normality, independence of observations, and equal variance of residuals. While there is some question whether formal testing for conformance to these requirements is necessary, there is an unknown level of error due to the degree to which the data adhere to the assumptions
To determine limits or significance criteria, it was assumed that variations observed on a daily timescale were representative of instrumental and measurement error.
Significance criteria were calculated as two times the average daily standard deviation for each measurement (Table 2 ). If the difference between two trains fell within the criterion, the trains were considered equal.
RESULTS AND DISCUSSION

Verification of operational scheme
Using paired t-tests and the significance criteria, filtered water UVA and TOC for both pilot trains were observed to be significantly equal during initial baseline testing (95% confidence) ( Figure 2 and Table 3 ). The difference in UVA was insignificant when comparing pilot trains using PACl vs.
alum during the subsequent experimental phase. During both testing periods a small difference in UVA between the alum pilot and full scale was identified ( 0.001 cm À1 ), but was not considered significant based on criterion specified in Table 2 . Overall, it was determined that filtered water TOC and UVA were equal between the two pilot trains as well as between the full-scale and alum pilot trains.
Comparison of alum pilot and full-scale plant
Assessment of significant differences between the alum pilot and full-scale plant are presented in Tables 3 and 4 . t-tests indicated that the majority of measured parameters were not equal (5/34 tests passed). However, by applying the significance criteria as shown in Table 2 , better agreement between trains was observed for online measurements (11/24 tests passed). Turbidity in both settled and filtered water was found to be equal as well as settled water pH, TOC, and UVA. Significant differences were observed between filtered water pH and the majority of particle count size ranges. It was hypothesized that particle counts were not in agreement due to uncontrollable differences in filter scale-up and media age. Furthermore, it was not possible to backwash the pilot filters with exactly the same frequency as full scale. As such, results indicated that trends in particle counts observed at pilot scale may not always translate to full scale.
In general, free chlorine residuals and concentrations of total THMs/HAA 9 were found to be significantly equal between the alum pilot and full-scale plant. The exceptions were chlorine residual during the experimental phase (0.06 mg/L difference) and total THMs during the experimental phase (2.7 μg/L difference). Aluminum residuals ranged between 0.000 and 0.094 mg/L at full scale and 0.000 to 0.052 mg/L in the alum pilot. Average differences were determined to be significant during both phases (0.007-0.008 mg/L greater at full scale). No significance criteria were determined for THMs/HAA 9 , chlorine residuals, and aluminum residuals, since only one measurement was made per day.
Overall, the observed differences were deemed to be small and it was concluded that there was a high degree of agreement between the alum pilot and full-scale plant.
Comparison of pilot trains (baseline phase)
Comparison of the two pilot trains during baseline testing indi- between raw water pH of 7.8 and 8.0 and lowest above PACl pilots, respectively. The difference in aluminum residuals was determined to be significant based on t-tests.
To account for the impact of raw water temperature on coagulation efficiency and other treatment processes, the dataset was sub-divided into two ranges representing low temperature (0-14 W C) and >14 W C. The threshold value of 14 W C was chosen based on the approximate midpoint of the annual raw water temperature range. To assess temperature effects, t-tests were applied such that averages for each parameter could be compared for 0-14 W C and >14 W C ranges.
Significant differences were identified only for filtered water pH, settled water turbidity, and selected particle count size ranges. Changes due to raw water temperature are shown in To further elucidate temperature impacts on coagulant efficiency, raw water temperature was plotted versus the difference between the alum and PACl pilot settled water turbidity ( Figure 3) . Results illustrate the increased efficiency of PACl at low water temperatures when compared to alum.
Total THMs were observed to vary between approximately 19 and 135 μg/L; total HAA 9 varied between 26 and 84 μg/L in all trains during the study period. Fluctuations were observed to be highly dependent on water temperature with minimums occurring during the cold winter months and maximums during the summer. Total
THMs averaged 47 ± 28 and 56 ± 33 μg/L and total HAA 9 averaged 48 ± 14 and 52 ± 12 μg/L in the alum and PACl pilots, respectively. A significant increase in total THM concentrations in PACl treated water was observed (10-30%) based on weekly comparisons, while there was no water was subsequently chlorinated at an equivalent pH (7.0 and 8.0, respectively) total THMs that formed following 24 hours were equal at a 95% confidence level.
Both the alum and PACl pilot filters were backwashed simultaneously to ensure equal filter run lengths. Typical monthly average total loss of head from a full filter run is presented in Figure 4 . Despite the increase in alum treated settled water turbidity, filtered water turbidity was observed to be significantly equal between pilots, which indicates that there was a greater particulate load deposited on the alum pilot filters.
Therefore, it is suggested that the observed increase in head loss development for the alum pilot resulted from an increased turbidity in settled water. This implies that in addition to achieving equivalent TOC removal, PACl reduced particulate concentrations to a greater degree and Particle counts were highly variable throughout the study period as evident from large standard deviations (73-200% of the mean). Paired t-tests indicated that particle counts in the majority of size ranges were greater in the alum pilot when compared to the PACl train. The largest difference was noted in the 3-5 μm size range: 7.31 ± 9.90 counts/mL increase in alum treated water when compared to PACl. It must be considered, however, that validation of particle counts during the baseline period was not achieved.
As such, limited significance can be given to the observed results during the experimental phase. No significant differences in filtered water turbidity were observed in individual filter runs, as supported by overall trends (Table 3) . No turbidity breakthrough events were observed, indicating that the filters were not run to their maximum capacity.
As a result of maintaining equal settled water TOC concentrations among all trains, the overall required coagulant dose and corresponding sludge production could be estimated. This was based on the assumption that the mass of sludge produced from coagulation was composed of floc, which would be directly proportional to the amount of coagulant added as well as any organic matter removed from the raw water. While the mass of removed TOC was maintained constant, the PACl dose consisted of 52-74% by mass, compared to alum. As such, it was anticipated that the use of PACl would reduce overall sludge production. Settled water turbidity in the alum pilot was significantly greater by 0.23 ± 0.23 NTU indicating that for equal TOC reduction, PACl was more efficient with respect to particulate removal. Furthermore, it is proposed that higher postsedimentation turbidity caused the observed increase in filter head loss (0.002-0.011 m h À1 ) in the alum pilot train (for equivalent filter run-times). An increase in pH of approximately 0.7 units in PACl treated water was observed when compared to alum. This increase was directly associated with a significant increase in THM formation (10-30%). To achieve equal filtered water TOC, the mass of PACl coagulant required was lower, which was expected to directly translate into reduced sludge production while maintaining a desired TOC removal efficiency.
